Introduction
Organic isothiocyanates (ITCs), particularly allyl isothiocyanate (AITC), benzyl isothiocyanate (BITC), phenethyl isothiocyanate (PEITC) and sulforaphane (SF) (see Figure 1 for chemical structures), are among the most extensively studied cancer chemopreventive agents. Numerous studies have shown that ITCs can inhibit carcinogenesis and cancer growth in a wide variety of animal models, by inhibiting carcinogen activation, promoting carcinogen detoxification, inducing cell cycle arrest, activating apoptosis and/or inhibiting cancer cell invasion and metastasis. ITCs are known to modulate a large number of important cancer-related proteins, including but not limited to inhibition of cytochrome P450 (CYP) enzymes, induction of Phase 2 enzymes via activation of NF-E2-related factor-2 (Nrf2), inhibition of histone deacetylases (HDACs), inhibition of membrane drug transporters, modulation of cell cycle regulators and Bcl-2 family proteins, activation of caspases, downregulation of a-/b-tubulins and/or inhibition of tubulin polymerization, downregulation of vascular endothelial growth factor (VEGF) and its receptor and inhibition of nuclear factor kappa B (NF-jB), activator protein-1 (AP-1), mitogen-activated protein kinase kinase kinase (MEKK1), signal transducer and activator of transcription factor 3 (STAT3) and Toll-like receptor 4 (TLR4). Many reviews on ITCs have been published, some of which are cited here (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Most of the activities mentioned above are shared by different ITCs. Moreover, studies have also shown that ITCs are significantly more toxic to transformed or malignant cells than normal cells (12) (13) (14) (15) (16) (17) . The human relevance of the above-described findings is underscored by the fact that many cruciferous vegetables, which are commonly consumed by humans, are rich sources of these compounds, such as mustard seed and horseradish root for AITC (18) , garden cress for BITC (19) , watercress for PEITC (20) and broccoli and broccoli sprout for SF (21, 22) . Human exposure to ITCs via dietary consumption is undoubtedly frequent and wide spread. ITCs are stored as inert glucosinolate precursors in plants and are released through a myrosinase-catalyzed hydrolysis reaction upon plant tissue damage (23) . Dietary ITCs are efficiently absorbed in vivo, and oral bioavailability of these compounds may reach !80% (5, 9, 10) . In vivo, ITCs are primarily metabolized through the mercapturic acid pathway and excreted in urine mainly as N-acetylcysteine (NAC) conjugates (20, (24) (25) (26) (27) (28) (29) (30) (31) .
An intriguing question about the multifaceted chemopreventive mechanisms of ITCs is how these compounds are able to modulate so many diverse cellular targets. It is also important to understand why different ITCs share similar chemopreventive mechanisms and metabolic profiles. This review article is focused on addressing these questions. All ITCs are characterized by the presence of an -N5C5S group, the central carbon of which is electrophilic and readily reacts with nucleophiles. Indeed, the almost universal ability of the central carbon of ITCs and their metabolites to undergo successive nucleophilic additions with vicinal dithiols, forming five-membered cyclic thiocarbonyl products with release of the nitrogen atom as an amine, is the chemical basis of a widely known assay, namely the cyclocondensation assay, for measurement of ITCs and their metabolites in plants and biological specimens (32) . The central concept I intend to convey in this article is that cellular uptake and metabolism of ITCs and at least some of their chemopreventive mechanisms are all initiated through direct reaction of the carbon atom of the -N5C5S group of ITCs with the cysteine sulfhydryl groups of glutathione (GSH) and proteins. The side chains of ITCs may play secondary roles, by influencing the electrophilicity of the -N5C5S group, altering the access to the reactive carbon through steric effects and controlling the lipophilicity of the whole molecule. To date, AITC, BITC, PEITC and SF have been the most commonly and most extensively studied ITCs; most of the data reviewed herein were generated with these compounds.
ITC metabolism via conjugation with the cysteine thiol of GSH As mentioned above, ITCs are primarily metabolized through the mercapturic acid pathway in vivo. An initial reaction between the -N5C5S group of ITCs and the cysteine sulfhydryl group of GSH (c-glutamylcysteinylglycine), which takes place spontaneously but is enhanced by glutathione S-transferase (GST), gives rise to the corresponding conjugates (Figure 2 ). In a previous study, in which the catalytic properties of four human GSTs, including A1-1, M1-1, M4-4 and P1-1, were examined with AITC, BITC, PEITC, SF and 10 other ITCs, we showed that all ITCs were substrates of the GSTs and that, of the four GSTs, M1-1 and P1-1 were generally the most efficient catalysts and M4-4 was the least effective (33). The conjugates then undergo successive enzymatic modifications on the GSH moiety, forming cysteinylglycine-, cysteine-and finally NACconjugates, which are excreted in the urine. Approximately 72% of a single oral dose of SF was detected in the urine as an NAC conjugate Abbreviations: AITC, allyl isothiocyanate; AP-1, activator protein-1; BITC, benzyl isothiocyanate; CYP, cytochrome P450; GSH, glutathione; GST, glutathione S-transferase; ITC, isothiocyanate; HDAC, histone deacetylase; HIF, hypoxia-inducible factor; Keap1, Kelch-like ECH-associated protein 1; MEKK1, mitogen-activated protein kinase kinase kinase; MMP, matrix metalloproteinase; NAC, N-acetylcysteine; NF-jB, nuclear factor kappa B; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; Nrf2, NF-E2-related factor-2; PEITC, phenethyl isothiocyanate; STAT3, signal transducer and activator of transcription 3; SF, sulforaphane; TLR4, Toll-like receptor 4; VEGF, vascular endothelial growth factor. in rats in 24 h (26), and nearly 60% of a single oral dose of broccoli sprout ITCs (mainly SF) was disposed in 8 h urine in humans (34) . Further studies of SF in humans showed the following percentages of urinary SF and its metabolites: $7% as SF, ,1% as GS-SF conjugate, ,1% as SF-cysteinylglycine conjugate, $28% as SF-cysteine conjugate and $65% as SF-NAC conjugate (27, 28) . Urinary-free SF detected in the above-mentioned studies probably was generated from its metabolites that are known to be unstable and to dissociate to SF (35) . In rats given a single oral dose of 14 C-labeled AITC, .90% of the dose was absorbed, nearly 80% of the dose was recovered in the urine (mainly within 24 h) and $80% of the radioactivity in the urine existed as the NAC conjugate (29, 30) . The NAC conjugate is also the major metabolite of AITC in humans, as $50% of the dose was recovered in the urine as NAC conjugate within 10-12 h (31, 36) . Similar results were obtained in humans who ingested BITC (25) . Interestingly, in mice and several other species, the major urinary metabolites of ITCs are cyclic mercaptopyruvate conjugates, rather than NAC-ITC, presumably resulting from transamination of ITC-cysteine conjugates (37, 38) .
The NAC conjugates of ITCs and the other conjugates formed in the mercapturic acid pathway are biologically relevant. They serve as carriers of the ITCs, as these conjugates are unstable and readily dissociate to their parent compounds or undergo exchange reactions with free thiols (35, 39, 40) . The cancer chemopreventive activities of these conjugates closely resemble those of their parent compounds (41) (42) (43) . However, little is known about the bioactivity of the cyclic mercaptopyruvate conjugates mentioned above.
Cellular uptake of ITC via reaction with cysteine thiols of intracellular GSH and proteins
We previously showed that ITCs rapidly accumulated in human and animal cells, with the peak intracellular ITC accumulation reached within 0.5-3 h of exposure and up to 100-to 200-fold over the extracellular ITC concentration or up to millimolar levels (44) (45) (46) (47) . ITCs apparently penetrate cells by diffusion but once inside the cells, they are rapidly conjugated via their -N5C5S group with intracellular thiols, mainly GSH ( Figure 3 ) (45) . Indeed, initial uptake rates of AITC, BITC, PEITC and SF in human breast cancer MCF-7 cells closely correlated with the non-enzymatic second-order rate constants of their conjugation reactions with GSH, and the initial uptake rates of . Cellular uptake and elimination of ITCs and intracellular protein modification. ITCs (R-N5C5S) are believed to enter a cell by diffusion, but once in cell are rapidly accumulated via conjugation with intracellular thiols, primarily GSH but also proteins. The GSH conjugates may be further metabolized via the mercapturic acid pathway ('R-NH-C(5S)-SR 1 ' stands for these metabolites), which are expelled from the cell via membrane transporters. The conjugates may modify cellular proteins via exchange reactions with cysteine sulfhydryl groups. ITCs and their thiol conjugates may also bind to certain proteins via reaction with amino groups and may also cause protein thiol oxidation by stimulating cellular reactive oxygen species production.
Role of cysteine thiol in biological response to ITCs the ITCs also increased linearly with an increase in cellular GST activity (46) . Not surprisingly, exposure of cells to ITCs, especially at high concentrations, leads to rapid and marked depletion of GSH (45) . The critical importance of GSH in cellular ITC uptake may be attributed primarily to its high intracellular concentrations (0.2-10 mM in animal and human cells and tissues) (48) . ITCs also bind to proteins in cells via reaction with cysteine sulfhydryl groups, as documented in the examples described below, and may bind to proteins directly or via thiol exchange reactions of their metabolites ( Figure 3 ). Protein binding became more significant with more lipophilic ITCs or when cells were incubated with ITCs at higher concentrations or for longer times (45, 49) . However, Mi et al. (49) showed that neither SF nor PEITC underwent significant binding to DNA or RNA in cells. Cellular uptake of both BITC and SF was almost completely blocked when the ITCs were added to culture medium together with GSH, cysteine or NAC at 100-fold excess (45). In the above-described experiment, ITCs in the culture media were presumably rapidly conjugated with the thiols that were present at large excess, thus blocking ITC accumulation in cells. This was indeed confirmed in a later study, using [ 14 C]PEITC, [ 14 C]SF and NAC (50) . These results provide further support to the notion that reaction of the -N5C5S group with intracellular thiols, particularly GSH, drives rapid ITC accumulation in cells. These results have also led Mi et al. (50) to suggest that use of NAC or other thiols as antioxidants in ITCs studies may lead to wrong conclusions since the thiols may simply block intracellular uptake of ITCs, rather than working as antioxidants. We subsequently showed that high cellular accumulation of ITCs was followed by rapid membrane transporter-mediated export (half was exported in $1 h), involving multidrug resistance-associated protein-1 and P-glycoprotein-1 (Pgp-1) (47,51). However, whereas SF upon accumulation in human prostate cancer LNCaP cells was exported almost exclusively as the GSH conjugate (47), AITC, BITC and PEITC upon accumulation in human leukemia HL60 cells were exported as both GSH conjugates (36-60%) and cysteinylglycine conjugates (21-40%) (51) . Moreover, in human bladder cancer RT4 cells exposed to BITC, although the GSH conjugate was the predominant form accumulated, $5% of accumulated BITC existed as the cysteine conjugate (41) . These results show that ITCs accumulated as GSH conjugates in a cell may be further metabolized via the mercapturic acid pathway in the same cell. Interestingly, Morris et al. reported that BITC and PEITC as well as several other ITCs, but not AITC and SF, at 10-100 lM concentrations significantly inhibited Pgp-, multidrug resistanceassociated protein-1-and breast cancer resistance protein-mediated cellular export of several anticancer agents possibly via direct inhibition of the ATPase of the transporters (52-54), suggesting a possibility for combination of an ITC with anticancer agents for enhanced cancer therapy. However, it is not known if ITCs inhibit their own cellular export.
ITCs target cancer-related proteins via reaction with cysteine thiols
Cytochrome P450 enzymes Many chemical carcinogens are metabolically activated in vivo, most notably by CYP enzymes. ITCs and particularly arylalkyl ITCs have been shown to rapidly suppress the catalytic activities of CYP enzymes, including CYP1A1, 1A2, 2A6, 2A13, 3A4, 2B1, 2B6, 2D6 and 2E1, via competitive-, non-competitive-, uncompetitive-or mechanism-based inhibition with in vitro Ki detected at low micromolar concentrations. The inhibition of CYP enzymes by ITCs and the ensuing prevention of metabolic activation of carcinogens, DNA damage and tumorigenesis have been previously reviewed (3, 4, 55) . The effectiveness of achieving cancer prevention with ITCs by inhibiting specific CYP enzymes was most clearly demonstrated in animals treated with the tobacco-derived carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). For example, Chung et al. showed that NNK oxidation metabolism, likely mediated by CYP 2A1 and 2B1 or related forms, was significantly inhibited in liver and lung microsomes prepared from A/J mice fed 3 lmol of PEITC/g diet (56) and showed in another study that NNK-induced lung tumor incidence and multiplicity decreased by 97 and 70%, respectively, in A/ J mice fed four daily doses of 25 lmol PEITC/mouse before a single NNK dose (57) . The -N5C5S group of ITC appears to be essential for inhibition of CYP enzymes and carcinogenesis. Jiao et al. (58) showed that while 1-dodecyl ITC strongly inhibited NNK metabolism and NNK-induced lung tumorigenesis, replacing its -N5C5S group with a hydroxyl group abolished the inhibitory activities. Moreover, Conaway et al. (59) showed that conjugation of ITCs with GSH, cysteine or NAC reduced their inhibitory activities against CYPs by as much as 18-fold and also showed that the dissociation rates of ITC conjugates (GSH, cysteine and NAC conjugates) determined their activity as inhibitors of CYP enzymes (35) 
The Nrf2-Keap1 complex Nrf2 is a transcription factor that is ubiquitously expressed, though maintained at low basal levels, and plays a critical role in stimulating the expression of genes involved in many aspects of cytoprotection, most notably genes encoding the carcinogen-detoxifying Phase 2 enzymes, such as GST and NAD(P)H:quinone oxidoreductase-1. Nrf2 works primarily by binding as a heterodimer with Maf or other partners to a cis-acting DNA regulatory element, namely the antioxidant response element, which is located in the upstream regions of its target genes. Nrf2 is activated by many chemical agents and has been found to be essential for SF and other chemopreventive agents to prevent cancer and other diseases in animal models (61) (62) (63) (64) . Nrf2 protein upon synthesis is rapidly degraded by the 26S proteasome in unstimulated cells (65) . Kelch-like ECH-associated protein 1 (Keap1), also known as Nrf2 repressor, is crucial for the rapid turnover of Nrf2 and functions as an adaptor for Nrf2 ubiquitination by a Cul-3-dependent ubiquitin ligase complex (66, 67) . Chemical alkylation or oxidation of specific cysteine residues of Keap1 disrupts Keap1-mediated Nrf2 ubiquitination, leading to Nrf2 accumulation/ activation, which in turn leads to increased transcription of antioxidant response element-regulated genes and increased cytoprotection (68) . ITCs activate Nrf2 in cultured cells at low micromolar concentrations (69, 70) . Focusing on SF, Dinkova-Kostova et al. (71) showed that there was a direct reaction of the ITC with multiple sulfhydryl groups of Keap1, and Hong et al. (72) reported that 25 of the 27 cysteines of human Keap1 were directly bound by SF in a concentration-dependent manner. The biological significance of most of these bindings remains unknown, but Zhang and Hannink (73) showed that Cys273 and Cys288, but not Cys77, Cys171, Cys257 and Cys297, were required for Keap1-dependent Nrf2 ubiquitination and inhibition of Nrf2 ubiquitination by SF in transient gene transfection experiments, whereas Cys151 is required for the escape of Nrf2 from Keap1-mediated ubiquitination.
Nrf2 activation by SF via Keap1 modification leads to profound cellular changes. Microarray analysis of small intestines of mice treated with SF at 9 lmol/mouse/day for 7 days showed induction of numerous Nrf2-regulated genes by SF, including Phase 2 genes and genes encoding cellular reduced nicotinamide adenine dinucleotide phosphate-regenerating enzymes, xenobiotic-metabolizing enzymes, antioxidants and biosynthetic enzymes of the GSH and glucuronic acid conjugation pathways (74) . In several in vivo carcinogenesis models, Nrf2 activation was essential for the chemopreventive activity of SF (61, 64, 75) .
a-/b-Tubulin
Numerous studies have reported the inhibitory effects of ITCs on the survival and proliferation of both animal and human cancer cells, which were almost always associated with cell cycle arrest and activation of apoptosis (6) . We have recently shown that AITC at 15-30 lM arrests human bladder cancer cells exclusively in mitosis and causes Y.Zhang mitotic catastrophe via Bcl-2 protein phosphorylation and that AITC stimulates the ubiquitination and degradation of a-/b-tubulin (76) . Given the essential importance of a-/b-tubulin and microtubule in mitosis, the tubulins may be key targets of AITC in the induction of mitotic arrest and mitotic catastrophe. AITC was found to bind to multiple cysteine residues of a-tubulin (Cys127, Cys347 and Cys376) and b-tubulin (Cys12, Cys239, Cys303 and Cys354), but our study also indicated that the binding was reversible (76) . It remains to be determined if AITC binding to the cysteine residues or to a particular cysteine residue of the tubulins is responsible for their increased ubiquitination and degradation in AITC-treated cells. However, most of the b-tubulin cysteine residues targeted by AITC have also been shown to be targeted by a number of other anticancer agents (77) (78) (79) (80) (81) . Moreover, Chung et al. (82, 83) recently reported that BITC, PEITC and SF at 10-20 lM also bind to cysteine residues of a-/b-tubulin in human lung cancer cells, including Cys347 of atubulin and Cys303 of b-tubulin, which triggered proteasomal degradation of the tubulins and was accompanied by disruption of tubulin polymerization. Interestingly, although BITC, PEITC and SF also inhibited tubulin polymerization (83, 84) , AITC showed no such effect (76) .
AP-1, MEKK1 and TLR4
AP-1 is a well-known oncogene and is composed of homodimers of Jun family members or heterodimers of Jun and Fos family members and has been widely reported to play an important role in cancer development. AP-1 is a key mediator of ultraviolet radiation-induced skin carcinogenesis (85, 86) . We previously found that SF at 10 lM significantly inhibited ultraviolet B-induced AP-1 activation in human keratinocytes and the inhibitory effect of SF was at least partly due to direct inhibition of AP-1 DNA-binding activity (87) . AP-1 binds to the 12-O-tetradecanoylphorbol-13-acetate response element (TRE), a binding site in the promoters of AP-1 target genes. It was subsequently shown that SF applied topically (1 or 2.5 lmol per mouse back, three times weekly) was effective in reducing the multiplicity and tumor burden of ultraviolet B-induced squamous cell carcinoma in a mouse model and that SF bound to Cys154 in c-Fos and Cys272 in c-Jun to inhibit AP-1 binding to TRE (88) . Interestingly, in human colon cancer HT-29 cells, SF as well as AITC, BITC and PEITC stimulated AP-1 transactivation activity (89, 90) . Moreover, AITC, BITC and PEITC were found to stimulate the expression and phosphorylation of c-Jun and AP-1 transactivation in human bladder cancer cell lines (91) . The reason for the opposite effects of ITCs on AP-1 in human skin cells and tissues versus other cell lines described above is not known.
Mitogen-activated protein kinase pathways play a key role in mediating cell growth and death. Among the members of the mitogenactivated protein kinase family, MEKK1, an upstream regulator of the SAPK/JNK signal transduction pathway, is activated in response to cytokines and various stresses. Cross et al. (92) showed that PEITC at 25 lM or high concentrations inhibited the catalytic activity of MEKK1 in LNCaP cells and other cells, which was accompanied by inhibition of its downstream target SAPK/JNK kinase, and that the inhibition required the cysteine residue at position 1238 in the ATP-binding pocket of the protein. However, the biological significance of MEKK1 inhibition by ITC requires further investigation. Hu et al. (93) have shown that PEITC causes rapid and significant elevation in the phosphorylation (activation) of all three mitogen-activated protein kinases, including ERK, JNK and p38, in human colon cancer HT-29 cells and that JNK activation was critical for the initiation of apoptosis. Chen et al. (94) reported that PEITC caused JNK activation by downregulating M3/6, a JNK-specific phosphatase.
Toll-like receptors are a family of membrane receptors that play a key role in the innate immune system. They are pattern recognition receptors that detect microorganisms and non-microbial endogenous molecules to trigger immune and inflammatory responses. TLR4 is activated by lipopolysaccharides and other molecules, resulting in its oligomerization, which in turn leads to production of proinflammatory proteins such as inducible nitric oxide synthase, cyclooxygenase-2, interleukin-1 and tumor necrosis factor-a. Youn et al. (95) showed that SF at 10 and 20 lM suppressed ligand-induced and ligand-independent TLR4 oligomerization and activation in a thiol-dependent manner in murine monocytic RAW264.7 cells and human embryonic kidney 293T cells, and that SF bound to multiple cysteine residues in the extracellular domain of this receptor, including Cys88, Cys192, Cys246, Cys281, Cys340, Cys506, Cys542 and Cys609 of human TLR4, among the 16 cysteine residues present in the extracellular domain. The results suggest that the reactivity of SF to sulfhydryl moiety contributes to its inhibitory activities, but it is not known as to which specific cysteine(s) account for the inhibitory effect of SF. SF administered orally to mice at 25 mg/kg blocked lipopolysaccharidesinduced production of inflammatory cytokines, including tumor necrosis factor-a, interleukin-1b and interleukin-6 in the skin (95) .
ITCs modulate other cancer-related proteins, but the underlying mechanisms remain unknown Besides the proteins described above, ITCs have also been shown to regulate a large number of other proteins involved in inflammation, cell cycle arrest, cell death, angiogenesis and cancer invasion and metastasis. Lipopolysaccharides-induced NF-jB activation in HT-29 cells was significantly inhibited by AITC, PEITC and SF at 10-100 lM (96). In a study of human pancreatic cancer BxPC-3 cells, BITC at 20 lM also significantly decreased the level of both cytoplasmic and nuclear NF-jB/Rel-p65 (97) . A subsequent study in human prostate cancer PC-3 cells showed that the inhibitory effect of the ITCs on NFjB was mainly mediated through inhibition of IjB kinases (IKKs), particularly the inhibition of IKKb phosphorylation (98) . However, another study in BxBC-3 cells showed that BITC caused significant decrease in the expression and activity of HDAC1 and HDAC3 and suggested that this might account for BITC-induced inhibition of NFjB (99). HDACs are a class of enzymes that remove acetyl groups from an acetyl lysine amino acid on a histone and play an important role in the regulation of gene expression. Besides BITC, both PEITC and SF as well as a number of other ITCs were also shown to inhibit HDAC activity in human colon HCT116 cells at low micromolar concentrations (100) . The inhibitory effect of PEITC and SF on HDAC, inhibiting the activity and level of HDAC1 and perhaps other HDACs, was accompanied by enhanced histone acetylation and derepression of the p21 gene promoter (101) (102) (103) . p21 is a cyclin-dependent kinase inhibitor; it binds and inhibits the activity of cyclincdk2 and cyclin-cdk4 complexes, thus functioning as a G 1 phase regulator in cell cycle. The inhibitory activity of SF against HDAC was also demonstrated in human prostate cancer xenografts and spontaneous intestinal polyps in mice in vivo (103) . However, little is known about how ITCs inhibit HDAC or how many HDACs may be inhibited by ITCs. In contrast to upregulation of p21 by ITCs via HDAC inhibition as described above, both AITC and SF at low micromolar concentrations caused significant downregulation of cyclin B1, cdk1, cdc25B and cdc25C in prostate cancer cell lines (17, 104) . Similar activities of BITC and PEITC were detected in human pancreatic and prostate cancer cell lines (97, 105) . Cyclin B1 binds to cdk1 and the complex is involved in the early events of mitosis, whereas cdc25B and cdc25C direct dephosphorylation/activation of cyclin B1-bound cdk1. Xiao et al. (105) previously reported that PEITC-induced downregulation of cdk1 and cdc25C in PC-3 cells was mediated via proteasome. However, Mi et al. (106) recently reported that PEITC as well as BITC at 10-20 lM significantly inhibited both the 26S and 20S proteasomes presumably through direct binding in several cell lines, including PC-3 cells.
ITCs also consistently caused downregulation of Bcl-2 and Bcl-xl in cancer cell lines, and in some cases also induction of Bax and Bak or disruption of the association between Bcl-2 and Bax or between Bcl-xl with Bak and Bax, leading to activation of multiple caspases and apoptosis (17, 76, (107) (108) (109) (110) (111) . But little is known about how ITC modulates these proteins. Studies have also shown that ITCs downregulate VEGF, VEGF receptor, matrix metalloproteinase (MMP)-2
Role of cysteine thiol in biological response to ITCs and/or MMP-9, which are known to play important roles in cancer angiogenesis, invasion and metastasis. Warin et al. (112) showed that BITC at low micromolar concentrations significantly reduced VEGF secretion and VEGF receptor 2 protein level in human breast cancer MDA-MD-231 cells in vitro and at 7.5 lmol per mouse (three times per week) significantly decreased angiogenesis and VEGF receptor 2 protein level in MDA-MD-231 xenografts in vivo. Antiangiogenic activities of AITC, PEITC and SF have also been reported (113-115). VEGF is a target gene of hypoxia-inducible factor (HIF). PEITC and SF were shown to downregulate HIF1a and/or HIF2a at low micromolar concentrations in human breast cancer cells and human tongue squamous cancer cells (116, 117) , suggesting that ITCs may downregulate VEGF via HIF. The ITCs appear to inhibit HIF protein synthesis, but the exact mechanism remains unknown. AITC, BITC, PEITC and SF were shown to significantly downregulate MMP-2 and/or MMP-9 at low micromolar concentrations in human hepatoma SK-Hep1 cells or HMEC-1 cells, which were associated with the inhibition of cell migration (114, (118) (119) (120) , but the underlying mechanism has not been revealed either. There is also evidence that ITCs inhibit STAT3. BITC at 5-10 lM significantly reduced the levels of both STAT3 and phosphorylated STAT3 in BxPC-3 cells and other pancreatic cancer cells, leading to reduced STAT3 DNA-binding and transcriptional activities (121) . Moreover, the growth of BxPC-3 xenografts and STAT3 levels in the xenografts was also significantly inhibited in mice treated with BITC at 12 lmol per mouse five times a week (121) . Studies of PEITC and SF in human prostate cancer cells showed that the ITCs inhibited interleukin-6-induced STAT3 phosphorylation via inhibition of its upstream kinase JAK2 (122, 123) .
Although the underlying mechanisms remain largely unknown for ITC modulation of the proteins described above, it is clear that different ITCs share similar activities. This suggests that the -N5C5S group of these compounds may play a key role since it is the only chemical structure that is shared by all the ITCs and is known to react with cellular nucleophiles. It is likely that reaction of the ITCs via their ÀN5C5S group with specific protein cysteine thiols may play a major part in at least some of the changes described above.
Concluding remarks
The evidence presented in this review shows clearly that the metabolism and cellular uptake of ITCs as well as their ability to target some of the important cancer-related cellular proteins are governed by the reaction of the -N5C5S group of ITCs with the cysteine sulfhydryl groups of GSH and proteins. These findings explain at least in part the intriguing capability of ITCs to target a diverse group of proteins and the phenomenon that different ITCs often share similar biological activities and metabolic profiles. The number of proteins that are known to be directly modulated by ITCs via reaction with cysteine residues is still relatively small at the present time, but more of such proteins will undoubtedly be discovered in the future. As described above, a large number of proteins are modulated by ITCs, and the exact mechanisms for these modulations remain unknown. Some of these modulations may eventually be attributed to direct binding of ITCs to key cysteine residues via their -N5C5S groups. However, some proteins are indirectly modulated by ITCs, e.g. induction of Phase 2 enzymes in response to modulation of Nrf2-Keap1 by ITCs. ITCs may also indirectly modify protein cysteine residues, as these compounds are known to elevate cellular levels of reactive oxygen species (Figure 3 ) (124), and reactive oxygen species may oxidize cysteine residues, as in the case of protein tyrosine phosphatases (125) . ITCs are also capable of reacting with an amino group of proteins to generate a thiourea derivative (Figure 3) . Indeed, the reaction of -N5C5S of phenyl ITC with the amino groups of proteins is the basis of the well-known Edman degradation for peptide sequencing (126) . Reaction of AITC with the amino group on a lysine residue of bovine serum albumin and a synthetic peptide could occur under physiological conditions (127) . PEITC was shown to bind to the N-terminal proline residue of the pleiotropic cytokine macrophage migration inhibitory factor, resulting in complete loss of its catalytic tautomerase activity and disruption of protein conformation (128) . Swope et al. (129) have shown that the N-terminal proline residue of macrophage migration inhibitory factor is critical for its catalytic and cytokine activities and that its amino group has an unusually low pKa (5.6 ± 0.1), rendering it highly reactive. However, under physiological conditions, protein binding by ITCs via an amino group is probably less common than via a cysteine sulfhydryl group, as the pKa value of the former in amino acids (8.80-10.96 ) is much higher than that of the latter (8.18) , and ITC reaction rate with NH 2 groups was shown to be dramatically slower than with SH groups (130) . A summary list of proteins that are known to be modulated by ITCs is provided in Figure 4 . Y.Zhang
